Objective: Long-term recording with intracerebral electrodes is commonly utilized to identify brain areas responsible for seizure generation (epileptogenic zone) and to tailor therapeutic surgical resections in patients with focal drug-resistant epilepsy. This invasive diagnostic procedure generates a wealth of data that contribute to understanding human epilepsy. We analyze intracerebral signals to identify and classify focal ictal patterns. Methods: We retrospectively analyzed stereo-electroencephalographic (EEG) data in a cohort of patients either cryptogenic (magnetic resonance imaging negative) or presenting with noncongruent anatomoelectroclinical data. A computer-assisted method based on EEG signal analysis in frequency and space domains was applied to 467 seizures recorded in 105 patients submitted to stereo-EEG presurgical monitoring. Results: Two main focal seizure patterns were identified. P-type seizures, typical of neocortex, were observed in 73 patients (69.5%), lasted 22 ± 13 seconds (mean + SD), and were characterized by a sharp-onset/sharp-offset transient superimposed on low-voltage fast activity (126 ± 19 Hz). L-type seizures were observed in 43 patients (40.9%) and consistently involved mesial temporal structures; they lasted longer (93 ± 48 second), started with 116 ± 21 Hz low-voltage fast activity superimposed on a slow potential shift, and terminated with large-amplitude, periodic bursting activity. In 23 patients (21.9%), the L-type seizure was preceded by a P seizure. Spasmlike and unclassifiable EEG seizures were observed in 11.4% of cases. Significance: The proposed computer-assisted approach revealed signal information concealed to visual inspection that contributes to identifying two principal seizure patterns typical of the neocortex and of mesial temporal networks.
| INTRODUCTION
The extensive use of diagnostic intracerebral electroencephalography (EEG) to identify the epileptogenic zone (EZ) in patients who are candidates for epilepsy surgery has generated a wealth of data on seizure generators that could be exploited to understand ictogenesis, epileptogenic networks, and epilepsy in humans. Despite the increasing use of invasive EEG diagnostic procedures, only a few scientific reports have focused on the characterization of intracranial/intracerebral seizure patterns in homogeneous populations of patients. A systematic review of focal seizure onset patterns during presurgical intracranial EEG monitoring selected 21 articles published in the past 25 years. 1 Most reports on temporal lobe epilepsy (TLE) with or without hippocampal sclerosis identified two main seizure onset patterns characterized by low-voltage fast activity (LVFA) and by hypersynchronous discharges. 2 Both patterns have been also described in animal models of mesial TLE and of temporal lobe seizures; these studies demonstrated that the initiation of LVFA and hypersynchronous onset seizures depends on the preponderant involvement of either interneuronal or principal cell networks, respectively. 3 Different types of ictal onset discharges were described in patients with subdural grid/strip electrode arrays [4] [5] [6] [7] and with intracerebral depth electrodes implanted with a stereo-EEG approach in extramesiotemporal cortical regions. [8] [9] [10] [11] In all these studies, LVFA at seizure onset 12 was commonly observed and was considered the most reliable predictor of favorable seizure outcome after surgery. 10, 13 Moreover, slow potential shifts (SPSs) during seizures have been largely reported in the EZ recorded with subdural 14, 15 and intracerebral electrodes, 16 in particular in areas that generate fast ictal activity. 17, 18 Several methods based on ictal stereo-EEG signal analysis have been developed in the past decade to localize and characterize the EZ, defined as the site of primary organization of ictal discharges. 19 LVFA detection has been widely utilized to develop computer-based quantitative EEG analyses to expedite EZ identification and to improve EZ detection. [20] [21] [22] [23] [24] We established a computer-assisted method that reliably identifies and quantifies ictogenesis biomarkers on multichannel EEG signals recorded during intracerebral monitoring. 18, 24 We utilized LVFA and SPSs as best-combined EZ detectors [15] [16] [17] [18] 25 to describe seizure features in a large population of unselected, consecutive patients submitted to presurgical stereo-EEG monitoring in Milan. We focused on patients routinely implanted for stereo-EEG at our center, which includes cryptogenic patients and patients presenting with noncongruent data at noninvasive presurgical evaluation. Time and frequency analysis of intracerebral EEG in this group of patients revealed two fundamental region-specific seizure patterns that were not previously characterized and distinguished. All patients were explored in more than one lobe with 12 to 20 multichannel 0.8-mm-diameter intracerebral electrodes (Dixi Medical and Alcis) featuring 5-18 contacts each, 1.5 mm apart. Bilateral, asymmetrical stereo-EEG implantation was performed in 17 cases. In 28 patients (26.7%), one seizure was recorded, and in all the other patients more than one seizure was observed and analyzed. Stereo-EEG planning and implantation aimed at the putative EZ defined according to clinical, ictal, and/or interictal scalp-EEG and neuroimaging findings. [26] [27] [28] Stereo-EEG signals were continuously recorded for 5-15 days with 0.016-to 300-Hz band-pass filter using the Neurofax EEG-1100 system (Nihon-Kohden) at a 1-kHz sampling rate with 16-bit resolution. Intracerebral recording sites were reconstructed on three-dimensional renderings of patient's MRI according to the standard method. 29 The EZ was identified according to intracerebral electroclinical and imaging data by the standard diagnostic procedure utilized at the Claudio Munari Epilepsy Surgery Center. [27] [28] [29] Accurate visual stereo-EEG analysis (as in clinical practice) was performed by two epileptologists (V.P. and L.T.) blinded to neuropathology and to the location of the electrodes, to identify any ictal stereo-EEG change immediately preceding or accompanying the first clinical sign or symptom associated with the focal seizures.
| MATERIALS AND METHODS

Key Points
• Two main focal seizure patterns were identified in 105 patients with focal epilepsy using visual and time-frequency analysis • P-type seizure pattern was generated within neocortical structures of all brain lobes and correlated with diverse neuropathologies • L-type seizure pattern has significantly longer duration and was observed almost exclusively in the temporal lobe • Seizure stereo-EEG biomarkers (low-voltage fast activity and slow polarizing shift) were presented in both identified patterns • The proposed computer-assisted approach can reveal signal information concealed to visual inspection that contributes to identifying two principal seizure patterns Standard diagnostic EZ evaluation was based on the morphology, the duration, and the localization of the ictal discharge recorded in each electrode in both monopolar and bipolar montages. The contacts active at the very onset of the ictal discharges and during early seizure propagation were noted and reconstructed on MRI. 24 designed by V.G. in LabView (National Instruments). As detailed elsewhere, 24 this tool was developed to perform real-time extraction and visualization of the principal SEEG biomarkers of the EZ network (individual contact spectral dynamics and slow wave components). Computer-assisted analysis was performed on all leads recorded during stereo-EEG. Electrographic stereo-EEG biomarkers and time-frequency profiles were quantified for each ictal event recorded in all patients according to the previously described procedure 18 ; briefly, we used combined computational and visual criteria for contacts categorization. First, quantified biomarkers combined index scores (mean [Fast Activity + SPS + Flattening]/3, with threshold > 60) were used to identify EZ contacts. Second, the time-frequency profile of the contacts with the highest index was visually reviewed to identify and categorize seizure pattern. Because seizure patterns were highly reproducible in a single patient (see Results), mean LVFA frequency and duration of all seizures recorded in the same patient were calculated and mean values were included in the population statistics. Statistical analysis was performed using OriginPro 2016. The difference in seizure duration between classified pattern groups was tested using Mann-Whitney test. A probability value ≤ 0.05 was considered statistically significant. Data are expressed as mean ± standard deviation.
| RESULTS
One hundred five unselected, consecutive patients with drug-resistant focal epilepsy submitted to stereo-EEG monitoring were included in the study, to retrospectively identify and classify different ictal onset and seizure patterns.
In 74 patients (70%) the MRI was negative, and the remaining 31 patients presented with noncongruent noninvasive anatomoelectroclinical data (see Materials and Methods). Histological findings in the 82 patients submitted to en bloc resective surgery demonstrated malformation of cortical development (38 patients), no abnormalities (n = 35), glial scar (n = 4), isolated hippocampal sclerosis (n = 1), vascular malformation (n = 3), and low-grade tumors (n = 1). Neuropathological data were not available for 18 patients treated by thermocoagulation; in these patients, imaging or stereo-EEG data suggested periventricular neuronal heterotopia in seven, focal cortical dysplasia in two, polymicrogyria in one, and hippocampal sclerosis in three. Five more patients did not proceed to surgery (see Materials and Methods). Patients showed different seizure outcome according to the Engel scale evaluated between 6 and 129 months after the therapeutic intervention. Poor seizure outcome was found in 10 (Engel class III) and 11 (class IV) cases; class II outcome was observed in 12 patients. In 69 patients, seizure outcome was excellent (class I). The correlation between postsurgical outcome and histological findings is beyond the focus of the present study (see Discussion). We analyzed 467 seizures recorded from stereo-EEG implants performed in all lobes of both hemispheres (51 right and 37 left). Eighty-three patients were explored in the frontal lobe, 84 in the temporal, 83 in the parietal, 24 in the occipital, and 83 in the insular cortex, and 78 in central regions ( Figure 1A ). Seizure onset evaluated with both electroclinical and computer-assisted methods localized in the frontal (49 patients), temporal (n = 51), parietal (n = 25), occipital (n = 13), central (n = 9), and insular (n = 27) regions ( Figure 1B) .
Computer-based analysis of electrographic seizures was simultaneously performed on signals recorded from all leads of all electrodes. 18 LVFA (120 ± 28 Hz, n = 98 patients) at the ictal onset was identified in 93.3% of seizures ( Figure 2A ). The dominant LVFA frequency was identical in seizures recurring in the same patient (as illustrated in the insert panel in Figure 2A ), confirming that LVFA is a patient-specific EEG signature. 18, 24 Slow polarizing DC-like shifts (SPSs) evaluated on stereo-EEG traces with high-pass filter at 0.016 Hz (lower traces in Figure 2B and 2C) were observed in 91% of seizures. Rhythmic bursting at the end of seizures and postictal depression were observed in 74% and in 76% of cases, respectively. The mean seizure duration was 58 ± 50 seconds (n = 105 patients). The analysis of seizure features demonstrated the existence of two most frequent stereo-EEG profiles (Figures 2 and 3) . The most common ictal pattern, observed in 69.5% of patients ( Figures 2B and 3A) , was characterized by a large amplitude and abrupt SPS with sharp on and off transients (b in Figure 2B trace), superimposed on LVFA at 100-200 Hz (126 ± 19 Hz), which linearly decreased in frequency within 5-10 seconds (down chirp), as illustrated in the spectrogram of Figure 2B (and Figure 3A) . During the late plateau phase of this seizure type, isolated spike events or brief spike discharges were observed in 31 patients (arrows in Figure 2B and in Patient 5 in Figure 3A ). We named this pattern P-type, because of its rapid on-off SPS transients resembling the Greek/Cyrillic letter Π. P-type seizures lasted between 7 and 55 seconds (22 ± 13 seconds, n = 73; Figures 3A and 4A and C), were found in all lobes ( Figure 3A) , and correlated with diverse neuropathologies. Pattern P was observed either in isolation in 50 patients ( Figure 3A and in orange in Figure 4A and 4B) or in association with the other prevalent seizure pattern in 23 patients (see below; Figure 4A and red in Figure 4B ).
The second most frequent seizure pattern, observed in 43 cases (40.9%; Figures 2C and 3B ), was longer in duration (93 ± 48 seconds, n = 43; brown columns in Figure 4A and 4C); it was characterized by LVFA at 116 ± 21 Hz and by a slowly developing SPS (Figure 2C) . Seizures of this type progressively evolved in a tonic spiking discharge followed by a bursting phase ( Figures 2C and 3B ). This type correlated with diverse pathologies and was recorded mostly in the temporal lobe ( Figure 3B ). Detailed analysis of the position of single contacts of stereo-EEG electrodes reconstructed on MRI during this type of seizure demonstrated the specific involvement of mesial temporal lobe structures in 95.3% of the patients (right panels in Figures 5A , 5B, and 6). This stereo-EEG pattern was named L-type (for long and/or limbic).
Six patients (5.7%) showed a seizure profile characterized by short (1-5 seconds) spasmlike discharges with a broad and synchronous cortical distribution (blue in Figure 4A and 4B) . In another six patients (5.7%), we observed diverse patterns such as rhythmic spikes or spikewaves (n = 2) and theta/alpha sharp activity (n = 1) as described by Lagarde and colleagues, 10 defined as unclassified (yellow in Figure 4A and 4B). In 23 of 43 patients, the L-type profile was preceded by a P-type pattern (orange/brown columns in Figure 4A ; red sector in Figure 4B ). The P + L profile occurred in two different scenarios. A focal P pattern in either temporal or extratemporal neocortical regions was followed by selective entrainment of mesial temporal lobe structures ( Figure 5A ). In the second P + L profile, the L-type pattern that followed a P-type discharge propagated diffusely in the explored brain areas ( Figure 5B) . P-type seizures were generated within neocortical structures of all brain lobes (left panel in Figure 6 ), whereas L-type pattern was observed almost exclusively in the temporal lobe (right panel in Figure 6 ). The EZ characterized by P pattern was observed in the frontal (31 patients), parietal (n = 15), temporal (n = 14), insular (n = 10), central (n = 8), and occipital (n = 7) lobes. When pattern P preceded pattern L (P + L seizure type), the initial P pattern was prevalently observed in temporal (n = 9), frontal (n = 8), parietal (n = 7), and less frequently in insular regions (n = 2) and in occipital lobe (n = 2; middle panel in Figure 6 ). Engel 1 outcome was observed in 60% of patients with P pattern, in 61% with pattern P+L, and in 75% with isolated L pattern.
| DISCUSSION
Our study is based on the retrospective analysis of human EEG signals recorded with intracerebral electrodes during diagnostic presurgical stereo-EEG monitoring of patients with focal epilepsy resistant to pharmacological treatment. The set of 105 consecutive patients included lesional and cryptogenic cases explored in different lobes, and to our knowledge represents the largest cohort reported with computer-assisted analysis of stereo-EEG signals. We confirm here on a large population of patients that LVFA and SPSs are biomarkers for the EZ localization 18 observed in all recording leads included in the surgically removed EZ. Consecutive patients were recruited for the study with no a priori selection criteria, with the exception of the general inclusion criteria utilized at the Claudio Munari Epilepsy Surgery Center for stereo-EEG exploration in focal drug-resistant cases, which select cryptogenic patients and patients with discordant anatomoelectroclinical data. Patients with typical mesial TLE with MRI-detectable hippocampal sclerosis and congruous clinical and ictal data proceed to surgery without invasive monitoring, and for this reason this group of patients is excluded by the present study. The lack of typical mesial TLE with hippocampal sclerosis in our cohort is the main reason for the differences in seizure onset pattern prevalence reported in two previous reports by Perucca et al 9 and Lagarde et al. 10 The first study included 18 patients with mesial TLE-hippocampal sclerosis (of 33) with sharp activity and spikeand-wave (hypersynchronous) patterns; this type of patient is excluded from our cohort because of the mentioned inclusion criteria for invasive recordings of the Claudio Munari Epilepsy Surgery Center. The identification of other seizure onset patterns in single patients with different epileptogenic lesions reported in Perucca et al 9 reduces the statistical relevance of some of the patterns observed in this study. The diversity of seizure patterns observed in the region of spread illustrated in Table 2 of Perucca et al 9 supports the hypothesis that non-LVFA discharges are not typical of the seizure onset zone. This conclusion is also reported by Lagarde et al, 10 which clearly demonstrates LVFA as the most frequent pattern observed in 70%-90% of focal cortical dysplasia and tumor cases. In this study, LVFA correlates with a favorable seizure outcome, whereas non-LVFA patterns in the resected EZ demonstrated an unfavorable postsurgical outcome. In the study by Lagard et al, pre-LVFA patterns are also characterized in details.
The comparison of our cohort of patients with these two studies is complicated by the inclusion of cryptogenic cases that demonstrate either no alterations or mild gliosis (39/ 105 patients) at neuropathological examination; this type of patient is not included in other reports.
In our patient population, neocortical seizure activity is characterized by a unique type of discharge (the P-type pattern), here recognized and described for the first time, observed in 69.5% of stereo-EEG explorations performed in all lobes of the cortical mantle. The characterizing electrographic features of the P pattern consist of LVFA with subharmonic bands superimposed on a fast-rising and fastclosing SPS. LVFA recorded in the EZ showed a typical gradual decline in rate (down-chirp) that cannot be identified by the visual observation of the EEG traces. Chirp signal patterns have been described as a fingerprint spectrographic signature of seizure onset in reports that featured computer-assisted intracranial EEG signal analysis in humans. 11, 30 One of the main features of the P-type seizures, the abrupt SPSs observed at onset and offset of seizures, can be detected exclusively when stereo-EEG traces are unfiltered to allow slow potentials and transients to appear. 15, 17, 18 Previous stereo-EEG reports demonstrated neocortical patterns that could be retrospectively considered as P-type patterns. In particular, the study by Grinenko and colleagues 11 clearly demonstrated seizure features characterized by down-chirp LVFA. The P seizure pattern was observed in the EZ of patients with lesional focal epilepsies (focal cortical dysplasias, polymicrogyria, low-grade epileptogenic tumors) as well as in cryptogenic cases with no neuropathological alteration. This finding was unexpected, and has consequences for the interpretation of focal ictogenesis due to different underlying pathologies. The possibility that comparable ictogenic mechanisms are responsible for the same ictal pattern type, regardless of the underlying pathology (or in the absence of obvious lesions) and independent on the cortical region, is intriguing. Recently, we demonstrated a seizure pattern similar to the human P-type pattern in the olfactory cortex of the isolated guinea pig brain. The onset of this seizure pattern correlated to extracellular potassium changes associated with increased synaptic activity; we proposed that seizure progression involved amplification of potassium release sustained by unmyelinated fiber depolarization. 31 As for the human P pattern, the potassium changes occurring abruptly in the olfactory cortex induce a sharp-on and sharp-off potential shift coupled with LVFA. Interestingly, in the experimental model synaptic transmission is abolished during a P-type seizure (but not at its onset), possibly because of potassium-induced fiber depolarization 31 ; in principle, this hypothesis could be verified in patients with an appropriate, ethically approved protocol designed for testing the response to low-amplitude local stimulation of the EZ during P-type seizures. The ictogenic mechanism proposed for P-type seizures in the experimental animal model may be relevant to explain seizure generation in focal cortical dysplasia type IIb 32, 33 and in the cortex of TLE patients with and without associated dysplasia, 34 where unmyelinated fibers in the subcortical white matter are pathologically augmented. L-type seizures identified in our study are characterized by a stereotyped sequence of events that initiates with LVFA superimposed on a slowly developing SPS, followed by irregular (tonic) spiking activity that increases in amplitude and gradually organizes into rhythmic bursting discharges. By analyzing electrode contact locations in the 43 patients, we demonstrate that the involvement of mesial temporal structures (in particular the hippocampus and the parahippocampal cortex) is typically observed and suggests that the entrainment of these areas is required for the development of L-type seizure pattern. Seizures with L-type features have been extensively described in the temporal lobe of patients submitted to intracranial and intracerebral recordings.
9,35-37 L-type seizures were also reported in experimental models of mesial TLE 38 and in acute seizures induced by proepileptic agents on in vitro preparations. [39] [40] [41] [42] [43] [44] [45] Ictogenic mechanisms in the hippocampus and parahippocampal cortices during L-type seizures are different from those above described for the P-like pattern. Experimental findings in animal models and in postsurgical cortical tissue obtained in TLE suggest that in these regions the initiation of a seizure relies on pathologically enhanced activity within excitatory or γ-aminobutyric acidergic networks. [46] [47] [48] [49] Our findings demonstrate that seizure duration represents a simple indicator of the type of network involved in seizure generation. Temporal lobe seizures commonly last about 80 seconds. 50 The large majority of neocortical P-seizures lasted <55 seconds (average duration = 22 ± 13 seconds), and L-type seizures were usually >50 seconds (93 ± 48 seconds). Grinenko et al 11 clearly showed that neocortical down-chirp LVFA lasted on average 15 seconds, but the duration of the entire seizures was not analyzed in this report. Based on our findings, we can assume that when seizures longer than circa 50 seconds are observed, the recruitment of mesial temporal structures should be suspected. Together with electroclinical and imaging data, this could be useful information to identify seizures that include mesial temporal networks. Moreover, the involvement of mesial temporal lobe structures should be expected when an L pattern is observed, even when mesial temporal regions are not explored. Therefore, L-type seizure detection could be useful to verify and eventually modify stereo-EEG exploration schemes.
F I G U R E 5
Stereo-electroencephalographic (EEG) P + L seizure patterns. A, Seizure recorded in this patient demonstrates an initial P-type pattern (boxed traces) in the frontal lobe (O2) and the temporal lobe (I7) contacts, followed by an L-type pattern involving the amygdala (amd; A2) and the body of the hippocampus (HP; B5 and C4). The entry position of the stereo-EEG electrodes is illustrated in the upper right panel on a three-dimensional reconstruction of the patient brain. In the lower right panel, the position of the recording contacts reconstructed on magnetic resonance imaging sections is shown. nctx, neocortex. B, Seizure recorded in this patient show initial generation of P-type pattern in cortical contacts of the parietal lobe (W4, W3, and X14; boxed areas), followed by the involvement of L-type in the temporal lobe mesial structures (HP; B4 and C4). In this patient, L-type pattern invaded extratemporal contacts during the later period of seizure. Implantation scheme and recorded contacts position are shown on the right of each panel (as in A)
We compared the results between the proposed computational approach and gold standard clinical evaluation. The use of a semiautomatic computational approach can help to reduce the time to identify the contacts involved in seizure generation and enhances operator-independent reproducibility due the objective nature of the method. Visual EZ evaluation relies on additional complex factors (clinical, imaging, neurophysiological, etc) that contribute to refine the EZ resection plan.
| CONCLUSIONS
We describe a novel stereo-EEG seizure pattern (P-type) revealed by a unfiltering slow signal component, which is exclusive of neocortical areas and is represented in all lobes. The identification of P-type seizure electrographic features is facilitated by computer-assisted evaluation of stereo-EEG signals. We also show that mesial temporal regions are consistently and exclusively recruited during Ltype seizures, characterized by >50-second duration. We report that the use of computer-assisted stereo-EEG examination complements and facilitates EZ detection and could potentially contribute to improve epilepsy surgery.
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